Abstract: Subwavelength HfO 2 gratings are realized on a freestanding 200-nm-thick HfO 2 membrane with air as the low refractive index materials on top and bottom. Strong coupling between the incident light and HfO 2 grating is characterized by angular-resolved reflectivity measurement, and guided-mode resonances are experimentally demonstrated with the sensitivities to the parameters and shapes of grating and the polarization of incident beam. The experimental results are consistent with numerical simulation. This work opens the way to fabricate guided-mode resonant HfO 2 photonic devices in the visible wavelength range.
Introduction
The guided-mode resonance of subwavelength grating structures that is associated with the excitation of the waveguide modes occurs when the phase-matching condition is satisfied. Their extraordinary optical performance is sensitive to the parameters and shapes of gratings, the polarization of incident beam, and the refractive index of the surrounding medium. They have been proposed and demonstrated for many applications, such as filters, reflectors, and biosensors [1] - [3] . The simple single layer characteristic also offers more compact device design in comparison with traditional multilayer dielectric film structures [4] . Particularly, it is of great interest to incorporate such grating structures into surface-emitting devices, and therefore the emitting wavelength can be controlled by changing grating dimensions or varying the refractive index [5] . Since the period of the grating must be substantially less than the free-space wavelength of the resonant light, it is a particular challenge for producing single layer guided-mode resonant gratings for visible wavelength applications.
From the optical material point of view, it is a good choice to use HfO 2 film that is an excellent transparent material from the visible to infrared range [6] - [10] and can be easily obtained with high quality by electron beam evaporation. It often acts as a waveguide layer without any etched structures due to that it is very hard and chemically stable [11] . Recently, various effective micromachining techniques have been introduced to etch HfO 2 film with high resolution for example, sub-micron HfO 2 gratings have been fabricated using focused ion beam milling [12] . Guided-mode resonant HfO 2 gratings have been demonstrated in the infrared range by a combination of fast atom beam etching and undercutting techniques [13] . It is also promising for combining suspended HfO 2 resonant nanostructures with active material to develop integrated surface emitting devices [14] .
Here, we extend guided-mode resonant HfO 2 grating to the visible range by the utilization of a double-side process. A freestanding HfO 2 grating is implemented on an HfO 2 /Si platform by a combination of ion beam etching (IBE) of HfO 2 and deep reactive ion etching (DRIE) of silicon. The subwavelength HfO 2 grating is freely suspended in space with air as the low refractive index materials on top and bottom. The guided-mode resonances of freestanding HfO 2 gratings are demonstrated in angular resolved reflectivity measurements and numerical simulation is also carried out based on the rigorous coupled-wave analysis (RCWA) method. Fig. 1(a) schematically illustrates the fabrication process of the freestanding HfO 2 gratings. The starting material is one HfO 2 -on-silicon substrate consisting of 200 nm HfO 2 layer and 200 m silicon handle layer. The freestanding HfO 2 grating that is implemented on an HfO 2 /Si platform is first manufactured by IBE, which uses an energetic and highly directional Ar ion source to anisotropically etch the HfO 2 film. Then, the silicon substrate beneath the HfO 2 grating region is removed by DRIE with C 4 F 8 and SF 6 hybrid plasma as etching gases. A suspended grating is thus realized, as schematically shown in Fig. 1(b) . The HfO 2 grating is fully surrounded with air and the refractive index n HfO2 of HfO 2 film is higher than that of air, which endows the thin-film system the capability to support waveguide modes. The main grating parameters include grating period Ã, grating thickness t g , grating width w and HfO 2 membrane thickness t m . The filling factor is referred to the ratio of the grating width with respect to the grating period, i.e., ¼ w =Ã. different from the designed elements. Electron beam (EB) resist serves as the etching mask during IBE process and its thickness gradually changes due to the proximity effect in EB lithography. The fabricated grating shapes are thus trapezoidal and the grating sidewalls are rough. An effective way to improve etching quality is to use EB resist with high resolution. As the filling factor decreases, the grating sidewall is rougher, resulting in more scattering loss. A circular grating that has a Ã ¼ 400 nm and a designed ¼ 0:6 is illustrated in Fig. 2(d) . For gratings with small periods, the exposure dose during EB lithography should be optimized to decrease fabrication deviations.
Experimental Results and Discussion
Angular resolved micro-reflectivity is carried out for optical characterization of freestanding HfO 2 grating [15] . The Bentham WLS100 is used as a fiber coupled white light source. The collimated beam with linear polarization is focused on the sample by the high numerical aperture objective (40Â and numerical aperture: 0.75). When illuminating with a 105 m core diameter fiber we can illuminate a circular 10 m diameter area of the sample. By changing the fiber we can choose illuminate the total area of the sample. The reflected light is collected through a fiber coupled to an Ocean Optics USB2000 spectrometer. The set-up is calibrated by a standard silver mirror and allows simultaneous imaging of the illumination. Fig. 3(a) shows the schematic of a linear HfO 2 grating. For surface-normal (incident angle ¼ 0 ) TE polarization, incident beams with E-field polarization is parallel to the grating lines; whereas for TM polarization, the electrical field is perpendicular to the grating lines. The reflectivity is polarization-sensitive for linear HfO 2 grating. Fig. 3(b) shows the reflectivity spectra for a linear HfO 2 grating. The incident light is TE-polarized and at normal-incidence. Numerical simulation is conducted using RCWA method. For simplicity, a uniform HfO 2 membrane having the same refractive index n HfO2 ¼ 1:95 is used for numerical simulation and the grating parameters are ¼ 0:6, Ã ¼ 550 nm, t g ¼ 50 nm, and t m ¼ 200 nm. There are three resonant peaks observed within the wavelength range of interest, namely 477.9 nm, 556.5 nm and 842.9 nm, respectively. The well-shaped reflectivity spectra can be obtained by depositing an antireflection (AR) coating layer from the backside, which will eliminate the interference fringes and shift resonant peaks to longer wavelengths [16] , [17] . Since the freestanding HfO 2 membrane is deflected, the measurement is a slight deviation from perfect normal incidence. As the normal-incidence symmetry is changed, there will be two different waveguide propagation constants and two locations will be resonant [18] , [19] . These two resonant peaks around 552.4 nm and 573.7 nm correspond to the calculated resonant peak at 556.5 nm. The numerical simulation results are in good agreement with experimental results. The differences between experimental result and numerical simulation are caused by the deviations between the ideal element used in simulation and the fabricated grating. Fig. 3(c) shows the reflectivity spectra measured under TM polarization, reasonably good agreement is shown between measured and modeled results. Fig. 4 (a) and (b) shows the calculated angular-resolved reflectivity spectra for a linear HfO 2 grating under TE polarization and TM polarization, respectively. The reflectivity is polarizationdependent and sensitive to the incident angle for the linear HfO 2 grating. In the spectral range of interest, there are two strong resonant peaks under TE polarization and one distinct resonant peak under TM polarization at the normal incidence. With increasing the incident angle , mode splitting is observed. The crossing occurs in the contour when different resonant modes merge together. Fig. 4(c) illustrates the reflectivity of the linear HfO 2 grating versus the grating period with ¼ 0:6, t g ¼ 50 nm under TM polarization. The resonant locations are the period-dependent and shift towards shorter wavelengths as the grating period decreases. The reflectivity of the linear HfO 2 grating versus the filling factor is shown in Fig. 4(d) . The incident light is TM-polarized and at normal-incidence, and the grating parameters are Ã ¼ 550 nm, t g ¼ 50 nm, and t m ¼ 200 nm. With decreasing the filling factor , the resonant locations shift towards shorter wavelengths. From a fabrication point of view, the filling factor ranging from 0.35 to 0.8 is suitable for manufacturing the grating with large fabrication tolerance.
Period-dependent reflectivity contours of the linear HfO 2 grating are illustrated in Fig. 5 . The parameters are ¼ 0:6, t g ¼ 50 nm, and t m ¼ 200 nm, and the incident wave has a TM-polarized incidence. Blue areas correspond to regions of low reflectivity, and dark red areas correspond to high reflectivity. The contour has broad lobes corresponding to the interference infringes caused by multiple reflections from both the top and bottom HfO 2 /Air interfaces. The coupling between the HfO 2 grating and the incident light is strong. Tuning of the normal direction spot is clear with period variation. With decreasing the period from 700 nm to 550 nm, the reflectivity peak positions shift towards shorter wavelengths, which are in consistent with the calculation shown in Fig. 4(c) . The resonant wavelength shifts linearly as the grating period varies, while keeping the other parameters fixed. It can be seen that the reflectivity spectra are sensitive to the incident angle . The resonance appears to split spectrally as the illumination is off-normal incidence, which is in agreement with the theoretical calculation shown in Fig. 4(b) . As the incident angle increases, the separated resonant peaks shift towards shorter or longer wavelengths, respectively. Asymmetric resonances take place at large incident angle when both high and low resonant modes move together. Fig. 6 experimentally demonstrates the reflectivity contours of the linear HfO 2 grating as a function of the filling factor . The parameters are Ã ¼ 550 nm, t g ¼ 50 nm, and t m ¼ 200 nm, and the incident wave is TM-polarized. With decreasing filling factor from 0.7 to 0.4, the resonance has a distinct shift towards shorter wavelength. A close match between the experimental results and the theoretical simulations can be seen in Figs. 4(d) and 6 . A linear grating is polarization-dependent and has small incident angle tolerance. On the other hand, circular grating should be polarization independent due to the special radial symmetry [20] . Fig. 7(a) and (b) illustrates the reflectivity contours of the circular HfO 2 grating that has Ã ¼ 400 nm, ¼ 0:6, t g ¼ 50 nm, and t m ¼ 200 nm. Taking the quality of the sample and measurement conditions into account, experimental results show good polarization-independent optical performance. It also should be noted that circular grating has larger angle tolerance in comparison with linear grating. 
